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Abstract 

In recent years many binary minor planets (BMPs) have been discovered in the Solar system. Many 
models have been suggested for their formation, but these encounter difficulties explaining their ob- 
served characteristics. Here we show that secular perturbations by the Sun (Kozai mechanism) fun- 
damentally change the evolution and the initial distribution of BMPs predicted by such models and 
lead to unique observational signatures. The Kozai mechanism can lead to a large periodic oscillations 
in the eccentricity and inclination of highly inclined BMP orbits, where we predict such effects to be 
observable with current accuracy within a few years (e.g. for the binary asteroid Huenna). In addi- 
tion, the combined effects of the Kozai mechanism and tidal friction (KCTF) drives BMPs into short 
period circular orbits. We predict a specific inclination dependent distribution of the separation and 
eccentricity of BMPs, due to these effects, including a zone of avoidance at the highest inclinations. 
Specifically the Kozai evolution could explain the recently observed peculiar orbit of the Kuiper belt 
binary 2001 QW322 • Additionally, the KCTF process could lead to BMPs coalescence and serve as 
an important route for the formation of irregular shaped single minor planets with large axial tilts. 

Subject headings: 



1. INTRODUCTION 

Stable gravitational triple systems require a hierarchi- 
cal configuration, in which two objects orbit each other 
in a relatively tight "inner binary", and the third ob- 
ject orbits the binary in a wider "outer binary". Al- 
though such triples are stable against disruption, their 
orbits may change shape and orientation on time scales 
much longer than their or bital period. In partic ular, 
the Kozai-Lidov mechanism l|Kozail 19621 : iLidovl 1963) pre- 
dicts a secular perturbations of the inner binary or- 
bit. So-called "Kozai oscillations" cause the eccentric- 
ity and the inclination to fiuctuate. The Kozai mecha- 
nism is known to be highly im portan t in the evolution of 
many triple system s(|Kozail l962;,Mazeh &: Shahamlll979l: 
Harringto j Il96^ fe iseleva et al.ril998l: ICarruba et al.1 
200aiNesvornv et al..i2003t : lFabrvckv fc Tremainell2007t ). 
It leads to a large (order unity) periodic oscillations 
(Kozai cycles) in the eccentricity and inclination of in- 
ner binaries with high inclinations with respect to the 
outer binary orbit (hereafter the relative inclination). 

In recent years many binary minor planets [BMPs; 
both binary asteroids and binary trans-Neptunian 
objects (TNOs)] have been disc overed in the Solar 
svstem ljRichardson fc WalshI 120061 ). BMPs can be 
regarded as the inner binary members of a triple system 
in which the sun is the perturbing companion in the 
outer orbit. Here we study the importance of such 
perturbations and show that BMPs are susceptible to 
Kozai oscillations, which play a major role in their 
evolution. The combined effects of the Kozai mechanism 
in addition to tidal friction, (Kozai cycles and tidal 
fricti on; KCTF ljMazeh fc ShahamI Il979t [KTseleva et all 
Il998l l) which becomes important for BMPs with high 
eccentricities (induced by the Kozai mechanism) , change 
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the orbital parameters of the BMPs. These effects could 
then erase the observational signatures suggested by the 
various formation scenarios of BMPs discussed in the 
literatu re llW eidenschilling et al. 1989; Weidenscliillin^ 
20021: [Merline et al.1 l2002t iG oldreich et al. 200f 
Funato et al.ll2Q04l : iRichardson fc Walsh 2006: Lee et at] 
2007| ). replacing them with unique and different signa- 
tures, that are consistent with current observations. 

2. KOZAI OSCILLATIONS 

Large Kozai oscillations (see fig. [TJ for 
whic h we used the Ko z ai an d KCTF evolution 
code ljFabrycky fc Tremain^ l2007f )) take place when 
the relative inclination between the inner binary orbit 
and the outer binary orbit of a triple system is large for 
initially circular binaries, i.e. 40° < i ^ 140° (hereafter 
Kozai inclinations), with somewhat wider inclination 
range for initially eccentric BMPs. Systems with 
Kozai inclinations keep their semi-major axis (SMA) 
separation, but could be driven into periodic changes 
of the other orbital parameters of the inner binary. 
The eccentricity and inclination change in a specific 
range which depends on these orbital parameters. The 
maximal eccentricity induced by the Kozai mechanism 
(assuming small initial eccentricity) is given by 

emax = \/l - (5/3)cOs2(io), (1) 

where cq and zq are the initial eccentricity and inclina- 
tion, respectively (the more general expressions for the 
maximal eccentricity and minimal eccentricity (and in- 
clinations) for arbitrary initial par amters have sornewha t 
more lengthy analytic formulation iPerets fc Naojl2009h . 
The typical timescale for Kozai oscillations be tween the 
limiting values is given bv ljKiseleva et al]ll998[ ) 

p _ '^Pput mi +1712+ ms 2 N3/2 

where Pout and Pin are the orbital periods of the outer 
and inner binaries in the triple system, respectively; 
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Fig. 1. — Typical Kozai evolution of three BMPs (note loga- 
rithmic time scale on the right). Bold blue curves show the Kozai 
cycles of the binar y TNO similar to 2001 QW322 [triangle marks its 
currently observed ljPetit et al.ll2008l ') orbital parameters]. The evo- 
lution of 2001 QW322 is not affected by tidal friction, and probes a 
wide range of inclinations and eccentricities. The evolution of the 
TNO binary 2001 QT297 is also shown in dashed line [circle marks 
its currently observed orbital paramters[. Red curves show the evo- 
lution of a hypothetical main belt binary asteroid affected both by 
the Kozai mechanism and by tidal friction. The BMP periodically 
evolves into high eccentricities and at later times circularize due to 
tidal forces and migrates to small SMA separation. Note that the 
final inclination is typically close to 140° at which eccentricities 
during the Kozai cycle are highest and tidal friction is therefore 
more efficient. The small inclination oscillations observed at the fi- 
nal stages a re due to tid al torques which become important at this 
stage! Fabrv ckv fc Trem aine 2007). These could have even larger 
amplitudes if the spin rate of the BMP members is larger. 



Fig. 2. — The inclination and semi-major axis phase space at 
which the Kozai, KCTF and Kozai-Hill mechanisms have a dom- 
inant role for two observed BMP populations; the binary TNOs 
(bottom) and the main belt binary asteroids (top). Observed ec- 
centric ( X ) and circular (filled circles) BMP orbits are shown. 
BMPs with two inclinations solutions, in which different solutions 
fall in different regimes are marked by green empty circles (other- 
wise only one solution is shown, corresponding to better score; 
currently observed BMPs will be discussed extensively in a forth- 
coming paper; Naoz & Perets, in prep. ). BMPs outside the 
Kozai region (Kozai inclinations; marked by dashed lines between 
40° ^ * ^ 140°) are negligibly affected by the Kozai evolution. 
BMPs in the Kozai region can fundamentally change their incli- 
nations and eccentricities and typically have large eccentricities 
(> 0.05). BMPs in the shaded region are affected by the Kozai 
mechanism and/or tidal friction and are expected to have relatively 
small SMA separations and circularized orbits (< 0.05). Stable 
BMPs should not exist in the the Kozai-Hill region (above the up- 
per arc). The SMA is given in units of the KCTF region baseline, 
rc at which BMPs are expected to be circularized. 



mi -I- 1712 and ma are the masses of the inner binary 
and the third outer member of the triple (the sun in the 
case of the BMP-sun triple system considered here), re- 
spectively; and Bout is the eccentricity of the outer binary. 

Many of the BMPs observed in the Solar system are 
known to have large relative inclin ations, making them 
susceptible to Kozai oscillations (see lPerets fc Naoal2009l 
for an extended discussion of the observed inclinations 
of BMPs). For such systems the timescale for periodic 
changes in the absence of any additional forces (such as 
tidal friction or pericenter precession for non-spherical 
objects), could be as short as a few thousand years (typ- 
ical for main belt binary asteroids) and up to 10'' years 
for some binary TNOs; much shorter than the lifetime 
of these systems (see [T] for example). Note that the 
short, 46 yrs, Kozai timescale for the BMP Huenna 
^ may enable a direct observation of the Kozai effect 
within the next few years, even with current observa- 
tions accuracy (we find Cmax — 0.23 and emin — 0.15 for 
Huenna; i.e. eccentricity change rate of ^ 3.4 x 10~^ 
yr~^, where current error bars o n the eccentricity are of 
±6 X 10-3; iMarchis et ani2008f ). The change in eccen- 

^ The inclination of Huenna is outside the Kozai region for ini- 
tially circular binaries, however eccentric binaries are affected by 
the Kozai mechanism even at lower eccentricities. 



tricities and inclinations during these timescales could be 
as large as Ae — emax — emin — 0.99 — 0.05 = 0.94 and 
= Zniax — «min — 86 — 39 = 47° for the known systems 
(e.g. for the binary TNO 2000 OJ67; based upon t he 
orbital parameters determined by lGrundy et al.lf2009H . 

3. KOZAI CYCLES AND TIDAL FRICTION 

The SMA separation of BMPs could evolve due to 
the Kozai mechanism, when tidal friction effects are ac- 
counted for. Such effects become important when the 
pericenter distance between the BMP members becomes 
small enough during the Kozai cycles. Orbital energy is 
then dissipated in each pericenter approach by the tidal 
friction, leading to the evolution of the BMP to smaller 
SMA separations and more circular orbits (hereafter 
Koza i migration or KCTF mechanism ijMazeh fc Shaha^ 
I1979I : iKiseleva et al.|[T998l ) ; see fig. [1]). Moreover, such 
evolution could even lead to mass exchange or coales- 
cence of the BMP members into a single (probably irreg- 
ularly shaped) minor planet if the separation becomes 
small enough. 

In fig. [2] we show the regions in orbital phase space 
where the Kozai and KCTF processes become important 
(only dependence on SMAs and inclinations is shown. 
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eccentricities are assumed to initially be negligible for 
simplicity). BMPs in the KCTF region, i.e. BMPs with 
large inclinations and small SMAs such that during their 
Kozai evolution their pericenter distance becomes small 
enough (when their eccentricities become large) for tidal 
friction to dominate their further evolution (see fig. 
are expected to have small SMA separations and circular- 
ized orbits (i.e. low eccentricities). Therefore the KCTF 
regime is expected to have a zone of avoidance in it's 
upper region (large SMA separations) from which BMPs 
are expected to migrate into its lower region (small sep- 
arations), which is expected to be overpopulated with 
close BMPs (possibly even contact or coalesced configu- 
rations), with low eccentricities. Moreover, the distri- 
bution of the inclinations for migrating BMPs in the 
KCTF co uld be double peaked, incre asing towards 40° 
and 140° (|Fabrvckv fc Tremaind [2007[ l , where the peri- 
center distance is smallest during the Kozai cycle, and 
therefore tidal friction becomes more dominant and may 
lock the system from further evolution of the inclination 
at the final stages of the KCTF evolution (see fig. [T]for 
such behavior). Note, however, that for fast spinning 
member of BMPs and/or low mass ratio BMPs, inclina- 
tions may continue to fiuctuate even at late times of the 
KCTF evolution, and the inclinations distribution could 
be strongly affected. In addition, the Kozai mechanism 
may still excite small eccentricities in BMPs in the KCTF 
regime. Such excitations could be the source of small but 
non-zero eccentricities of BMPs in the KCTF regime, 
such as observed for the binary asteroid Em ma and the 
the P luto-Charon sy stem in the Kuiper belt ( Stern et al.l 
120031 : iMarchis et aLlliOOi l. Such excitations are likely to 
be higher for BMPs with low mass ratios. 

We note that the (usually unknown) asphericity of 
the binaries components m ay also affect the BM Ps or- 
bital evolution ( Chauvine au et aLl fTgOG: Scheeres Il994l : 
iRagozzine fc Brown! [20091 1 . In addition, minor planets 
in higher multiplicities (e.g. the triple TNO systems of 
2003 EL61) are subjected to mutual forces from addi- 
tional satellites, not taken into account in our descrip- 
tion, w hich can substantially affec t the evolution of the 
system (jRagozzine fc Browni [20091 ). Such effects are be- 
yond the scope of this paper, where we assume all sys- 
tems to be binaries with spherical components. 

4. KOZAI-HILL INSTABILITY 

At the other end, if the apocenter distance of a BMP 
becomes large enough during the Kozai cycles, the tidal 
effects of the sun may become dominant. The binary 
separation then becomes closer to or even larger than 
the Hill radius of the system; and the BMP is disrupted 
(hereafter the Kozai-Hill scenario; Perets and Naoz, in 
preparation). Therefore the Kozai-Hill region (see fig. [2|) 
should be depleted of BMPs. Note that the Hill radius 
has an inclinations dependence at all inclinations due 
to the changing stren gth of the Co r iolis force which is 
propo rtional to cos(i) (|Innanenl[T980l : iHamilton fc Burns! 
!l99ll l . The effect of the Kozai mechanism is an addi- 
tional effect which effects only the Kozai region. We use 
an analytic expression for the critical SMA at which a 
given BMP becom es unstable, which ta kes into account 
both these effects ([Perets fc Naozl!2009l l. We note that 
currently observed BMPs indeed have separations that 
are a few times smaller than the Hill radius, but this 



could also be related to other processes, such as disrup- 
tion of the widest binaries through gravitational encoun- 
ters with other minor or major planets. 

5. DISCUSSION 

5.1. KCTF observational signature and BMPs 
formations scenario 

The Kozai, KCTF and Kozai-Hill processes could ap- 
preciably affect the survival of BMPs, their orbits and 
their orbital phase-space distribution. In fig. [21 we 
show typical examples of the inclination-SMA separa- 
tion phase-space in which the different Kozai processes 
take place. The positions of all BMPs with known in- 
clinations in this phase-space are also shown (detailed 
discussion of the ob served inclinations of BMPs is given 
elsewhere [Perets fc'Naoz 2009? ). BMPs in the Kozai re- 
gion are not susceptible to tidal friction during the Kozai 
cycle. For such BMPs the eccentricity and inclinations 
continuously and periodically change between the mini- 
mal and maximal Kozai eccentricity (see e.g. fig. [J) and 
should therefore have a wide distribution of eccentricities 
which would be very different from the initial conditions 
set by the formation mechanism of the BMPs. The ini- 
tial SMA, however, will be conserved in this case, still 
refiecting the initial conditions. 

We note that the current observations (although cur- 
rently only a small sample exists) are in good agreement 
with our predictions. All the BMPs in the Kozai region 
have relatively high eccentricities (none are circular, de- 
fined here as e < 0.05). The zone of avoidance at the 
highest inclinations in the KCTF region is empty, and 
BMPs in the KCTF region tend to be circular and with 
smaller SMA separations. The large difference between 
binary TNOs and binary asteroids is likely to be related 
to di fferent formation mechanisms ([Richardson fc WalshI 
[20061 ) . Note that BMPs formed only at small separa- 
tions at which tidal friction is important would never be 
subjected to the pure Kozai mechanism. 

The above predictions should be of major con- 
cern when trying to constrain BMPs' formation sce- 
narios by observations. Many formations scenar- 
ios for BMPs have been described in the litera- 
ture (see ref. ([Richardson fc WalshI [20061 ) for a re- 
view) with different predictions for the distribution 
of BMP SMA separations, eccentricities and inclina- 
tions (unfortuna tely, only few studies explored inclina- 
tion d istribution ([Nazzario et al.[[2007[ : [Schlichting fc Sar] 
[2008( ) ; given the importance of the Kozai effect we 
strongly suggest to explore this in future studies). As 
we have shown the initial conditions as prescribed by 
different scenarios will be fundamentally changed by the 
Kozai and KCTF evolution. In order to find evidence 
for specific formation scenarios of BMPs, it is therefore 
essential to take the Kozai evolution of the BMPs into 
account. For example, typical high eccentricity BMPs 
produced in some scenarios such as the ex pected e > 0.8 
in th e exchange scenario of Funato et al. ([Funato et al.l 
[2004D , or 0. 2 < e < 0.8 in the chaos assisted cap- 
ture scenario l[Lee et al][2007D , could be observed with 
very low eccentricities, either due to the random phase 
in which they are observed during their Kozai cycle or 
due to their KCTF evolution which would have circu- 
larized their orbit (e.g. fig. [2|). Recently (and after 
the initial presentation of this manuscript), [Petit et all 
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l|2008( ) have reported on the pecuHar orbit of the Kuiper 
Belt Binary 2001 QW322, with very large SMA but rel- 
atively small eccentricity. Such orbit is difficult to ex- 
plain through previously suggested BMPs formation sce- 
narios, since a binary with such wide SMA is Hkely to 
be produced through the exchange scenario scenario, 
which would typical ly produce a highly eccentric binary 
ijFunato et al.ll2003 ). Such orbit, however, is naturally 
produced through the Kozai mechanism presented here. 
As shown in fig. (TJ the orbit of a binary similar to 2001 
QW322 could evolve due to the Kozai mechanism from 
initially high eccentricity and small pericenter distance 
separation (in fact comparable to the separation of the 
"regular" Kuiper belt object 2001 QT297) to have a low 
eccentricity and much larger pericenter distance separa- 
tion, as observed today. Such a binary could therefore 
have been formed through a binary-single encounter, and 
then naturally evolve to its current state through Kozai 
evolution. 

Similarly, typical low eccentricity BMPs, such as might 
be expected t o be produced in the dy namical friction cap- 
ture scenario ijGoldreich et al.ll2002( ) , could be observed 
with very high eccentricities. Since these effects occur 
mainly for BMPs in the main Kozai region, we predict 
an inclination and SMA separation dependence of the 
eccentricity distribution of BMPs, with a transition be- 
tween BMPs at the different regimes described in fig. O 
Similarly the SMA separation distribution would also 
be changed between the different regimes. In fact, only 
BMPs outside the Kozai region would preserve the eccen- 
tricity and SMA separation signature of their formation 
scenario, whereas in the other regimes these distributions 
would be dominated by the Kozai mechanism. 

In addition to these predictions, we note the impor- 
tance of environmental effects when combined with Kozai 
evolution. In some regions of the solar system BMPs 
were likely to form and/or to evolve for some time in 
dense environments where they encountered other minor 
planets (as suggested or required by most BMP forma- 
tion and evolutionary scenarios). In such an environ- 
ment, encounters may change the o rbital configu ration 
of the binaries in quite a chaotic wav l|Heggielll975[ ) espe- 
cially for the wider binaries that are more susceptible to 
encounters (larger cross section). The Kozai timescales 
(Eq. [2]) could be shorter than the typical timescale be- 
tween consequent encounters. In such cases a BMP en- 
tering the KCTF regime for the first time following an 
encounter, could rapidly migrate to smaller SMA sepa- 
ration, thus decreasing its chance for further encounters 
which could have otherwise potentially export it outside 
this phase space region. This KCTF region therefore pro- 
duces a sink in the phase-space distribution and induces 
a flow from small inclinations to high inclinations in the 
phase-space distribution of BMPs. We predict that the 
KCTF mechanism, when at work in a collisional environ- 
ment, would form a KCTF-collisional signature in which 
the KCTF and the phase-space regions close to it (i.e. 
mostly the Kozai region) would be overpopulated rela- 
tive to the other phase space regions (beside the zone of 
avoidance which should be depleted of BMPs). The dis- 
tribution of observed binary TNOs is suggestive of such 
a signature (fig. [21), with all BMPs at high incHnations, 
in addition to an empty region at the zone of avoidance, 



but future observations are required in order to show this 
at high significance. 

5.2. Binary spin-orbit correlation and irregularly shaped 
minor planets 

Since KCTF evolution drives BMPs into close configu- 
rations, they may become close enough as to evolve into 
contact configuration or even mergers (similar suggestion 
was discussed in the context of merg er of inner binary in 
triple stellar systems due to KCTF; iPerets &: Fabrvckvl 
I2OO9I I. These contact/merger products may still show 
a signature of their KCTF formation scenario produc- 
ing a relative spin-orbit inclination which is likely to be 
limited to Kozai inclinations. In addition this Kozai- 
induced merger scenario could naturally explain the 
existence of large singl e minor planets with irregular 
prolonged shapes (e.g. ijHartmann &: Cruikshankl[l980l : 
iRomanishin et al] I2OOID ) and predict their prolonged 
axis to be aligned perpendicular to their spin axis (where 
the latter is expected to have the same biased spin-orbit 
incHnation distribution as the Kozai contact binaries). 
We note that rotational disruption and direct coUisions 
could also produce irregularly shaped minor planets, but 
are not expected to produce a bias towards high latitude 
incHnations. The YORP effect could also form a bias 
toward specific high inclinations, however this process is 
efficient only for small asteroids (diamet er smaller than 
50 km; e.g. iPoHshook &: Broschll2009l and references 
there in) , and is not expected to affect TNOs at all. If 
such mergers products are abundant they could effect the 
relative spin-orbit inclination distribution, and produce 
tilt axis distribution which is biased towards high lati- 
tudes from the orbital plane. Interestingly, such a bias 
exists in the pole distribu tion of large binary asteroids 
l|Krvszczyhska et ani2007l ; not expected to be affected 
by YORP). 

6. SUMMARY 

In this letter we have shown that the secular Kozai 
perturbations by the sun have a major role in the dy- 
namical evolution of binary minor planets. The Kozai 
mechanism leads to large periodic oscillations in the ec- 
centricity and inclination of highly inclined BMP orbits 
and the combined effects of the Kozai mechanism and 
tidal friction drives BMPs into short period circular or- 
bits. We predict an inclination dependent distribution 
of the separation and eccentricity of BMPs, due to these 
effects, including a zone of avoidance at the highest in- 
clinations. Additionally, the KCTF process could lead to 
BMPs coalescence and serve as an important route for 
the formation of irregular shaped single minor planets 
with large axial tilts. 
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